In this paper, the selective laser sintering (SLS) process of a bio-composite blend comprising of biodegradable calcium polyphosphate (CPP) and polyvinyl alcohol (PVA), as a polymeric binder, is investigated. A multi-physics finite element model including both thermal and viscous sintering phenomena was developed and simulated in different process conditions. The model was used to predict temperature and porosity distribution of sintered regions throughout the process domain and period. It is observed that the porosity of the sintered region is a logistic function of the laser scanning speed and a negative logistic function of the laser power. The thickness of the fabricated CPP layers, using an experimental setup, fairly demonstrates an agreement with the simulation.
Introduction
Selective laser sintering (SLS) enables the manufacturing of parts from powdered material by selectively heating and fusing of powder particles using a laser beam [1] . To realize the fabrication of complexshaped implants/scaffolds composed of calcium polyphosphate (CPP), which is a bio-degradable ceramic with polymeric chains [2] , by the SLS technique, an admixture of CPP and a polymeric binder or a polymeric coated CPP powder is used. The powder is spread as sequential layers on the former ones. Then, the laser beam rasters the powder bed and acts as incoming concentrated thermal energy. The low melting-temperature polymer flows and merges when it is heated by the laser beam and resolidifies when the laser beam passes. Consequently, the polymer acts as a binder and binds the CPP particles together. In other words, primary binding is conducted in the selected segments of the powder bed via viscous sintering of the polymeric component. The particles within the heat affected zone (HAZ) are bonded to the beneath layers as well. The process repeats until the desired green object completes. In the final step, in order to increase the strength of the model, the green part is heat treated in a furnace to decompose the binder followed by sintering process. Fig. 1 and Fig. 2 show the schematic of liquid phase selective laser sintering process and its mechanism. Several studies on the modeling of the SLS process have been performed. Thermal models of SLS in onedimensional [3, 4] , two-dimensional [5, 6] , and threedimensional forms [7] have been reported. Nelson et al. constructed a thermal model of the SLS process for predicting the layer-to-layer fusion of polycarbonate powder [3] . This model can predict, to within a 20% accuracy, the effects of the primary process variables such as the scan speed, scan overlap, and laser power on the fusion depths of the polycarbonate (PC) powder. Moreover, Nelson's finite difference model estimates the sintering depths in poly(methyl methacrylate) (PMMA) and coated silicon carbide (SiC) powders [4] . The SLS of an amorphous polymer, as well as a crystalline and glass-filled polymer was simulated by Childs et al. [6] , using a
The strength and the density of prototyped objects as well as their geometrical features are very dependent on the particle binding during the laser sintering stage. Therefore, for the optimization of the prototyping process, the prediction of thermal behaviour of the powder bed under the moving laser heat source through a numerical modeling is of importance. sequential thermal finite element method. A numerical simulation of two-dimensional melting and resolidification of a two-component metal powder layer in the SLS process was developed by Chen et al. [8] . The numerical prediction of the temperature and density distribution in SLS process, based on Mackenzie and Shuttelworth's model of the sintering rate was published by Cervera et al. [7] . He has eliminated the time parameter by using a local coordinate system, located at the centre of the moving laser beam. Recently, Dong et al. [9] developed a model in ABAQUS with a bi-level structure integration procedure. In his model, the density and the heat equation are integrated at the outer and inner levels, respectively.
This work addresses the analysis of selective laser sintering of CPP, which is highly receiving attentions as a suitable candidate for osteochondral implants [10] [11] , through a "multi-physics" finite element model. Since the porosity of an osteochondral scaffold has a great effect on the bio-mechanical properties, the characterization of SLS process may provide a control on the macro-porosity of the CPP scaffolds.
Heat transfer analysis in the SLS process
In the binding stage of the SLS process, the heat transfer behaviour in the substrate is described by the classical heat conduction equation:
where ρ is the density, Cp is the specific heat, T is the temperature, t is the time, k is the thermal conductivity, and represents the heat generated in the physical body.
gen Q
On the boundaries, Equation (2) is applicable:
where n is the normal vector of the heat flux plan, q is the heat flux, is the thermal convection coefficient, [12] , the boundary condition is simplified as
Laser irradiation submodel
To determine the concentrated heat flux of the laser beam on the top surface of the substrate, a characterization of the beam and energy profile is required. By assuming a Gaussian laser beam with TEM 00 mode, the laser beam intensity profile is
where r is the radial component in a polar coordination system, and is the intensity scale factor that is defined by the laser power and the characteristic radius of the laser intensity profile, a , as [13] 0 where β is the absoptivity and P is the laser power.
In Cartesian coordinate system, the laser incident radius is as follows:
Consequently, the moving laser is defined as [ ] (7) identifies the moving of the heat flux. 
Powder bed material properties submodel
The density ( composite ρ ) of the composite powder, consisting CPP and the polymeric binder, is calculated from the densities of the components as follows:
where φ is the volume fraction of the components.
The specific heat of the composite powder Cp is estimated from the mass fraction ( ω ) average of the specific heats of the polymer and the ceramic by the calculation of
Yagi et al. [14] also formulated a more accurate model for the effective conductivity of a packed bed, in which the conduction, convection and radiation effects within the powder bed are considered. The model has been developed for low-temperature and high-temperature conditions. At low-temperatures, only convection causes the heat conductivity, whereas radiation evidently enhances the heat transfer by [9] Low Temperature:
High Temperature:
where is the conductivity of the powder material, is the conductivity of air, 
Sintering submodel
The modelling of SLS requires simultaneous solution of equations for the rate of the porosity collapse and the changes in local thermal properties. The change in the porosity occurs due to the viscous sintering and merging of the polymeric constituent which causes the CPP particles to rearrange and be closer to each other. The rate of porosity collapse is described as [2] )
where ε is the porosity of powder bed and ∞ ε is the plateau porosity at sintering temperature, T , which is assumed to be zero. Since sintering is a rate process, it is reasonable to assume that the rate constant ( k ) follows an Arrhenius form:
where is the activation energy, is the universal Gas constant, and is a constant. The activation energy of the viscous flow can also be used for sintering [1, 2] . 
Modeling results and discussion
For this study, polyvinyl alcohol (PVA) was selected as the polymeric binder which was used to be either mixed with the CPP powder or coated on the CPP particles.
Since the viscous flow occurs in the polymeric constituent, the sintering rate data only for PVA is required. The correlation of PVA's porosity over different temperatures and sintering time is plotted in Fig. 3 , by using (15) and (16). The initial porosity is assumed to be 54%, based on the reported data of commercial SLS systems [4] . For the analysis, a 2D multi-physics finite element (FE) model of the coupled heat transfer and viscous sintering physics was developed. The model is for sintering of a single layer of powder. The COMSOL Multiphysics package was used for this purpose. The simulation parameters are lists in Table 1 . The governing equation of sintering was modeled as a time dependent partial differential equation (PDE). The thermal and sintering equations are linked by an expression which relates the thermal conductivity at each point to the powder bed density according to (10) and (11) . The strategy for the solution of this set of coupled equations is to solve the PDE and the thermal equation instantaneously for every time step. The conductivity of each node is calculated based on the updated porosity. It means that both physics are updating the required data for each other during the solution. The mesh independency analysis was conducted and the optimum results were obtained with 32000 quadrilateral elements. Since the heat affected zone (HAZ) is dramatically small comparing to the whole powder bed, the powder bed was modeled as a rectangular of 20×4mm. In order to have a reliable and precise solution the mesh at the top surface is finer than the mesh within the other regions. Thus, the Gaussian pattern of the energy is distributed over a number of nodes. Furthermore, since the temperature gradient is quite large in this region, finer mesh will result in a more precise calculation of the temperature distribution. The simulation was performed for several conditions to investigate the effects of the process parameters such as laser power and laser scanning speed on the porosity of sintered portion of the powder.
The temperature distributions on the top surface of powder bed are plotted for any 0.2 seconds in Fig. 4 . The diagram represents an overview of the temperature history on the top surface which is traveled by the laser beam. It is shown that the temperature of the top surface remains about 400 ºK in average, after 1 second. The history of the porosity (void fraction) on the top surface of the powder bed is presented in Fig. 5 for every 0.2sec. A decrease in the porosity, which means an increase in the solidification, even after the laser beam has passed, is obvious. This phenomenon indicates the significant effect of the time in the physics of sintering. It means that the densification of the sintered region continues, with a rate of , even after the laser beam is far from the targeted area.
k ′ The sintering depth of the powder bed can be determined using the data presented in Fig. 6 . It is observed that about 300μm of powder is sintered in the simulation condition. This sintering depth is desired considering that the thickness of the spread powder layer in layer manufacturing is about 125μm. It means that the layer sintering condition is appropriate for fabrication of multilayered parts with layers of such thickness. The figure also represents that the porosity of the sintered region decreased about 72% on the top surface. Fig. 7 and Fig. 8 , respectively, illustrate the maximum temperature and porosity in the powder bed with different laser power for laser scanning speed of 5mm/s. A large decrease in porosity is observed when the power is higher than 1.5W. Also, it is observed that the porosity does not change remarkably with the laser powers less than 0.5W. A typical logistic function, as shown in the figure, is fitted on the data. Changing the laser scanning speed also influences on the porosity of the sample, as shown in Fig. 9 , fixing the laser power to 1.2W. It is evident that the higher the laser speed, the less the densification. It is noteworthy that the porosity does not change remarkably with the laser scanning speed higher than 7mm/s. 
Experiments
For the feasibility study of the laser sintering of CPP, mixtures of CPP and PVA powders with different volumeratios were prepared. The CPP powder mesh size was 45-75μm, whereas the particle size of the PVA powder was less than 63μm. The material specifications of the used PVA are listed in Table 2 . A CW fibre Erbium laser (IPG Photonics, MA, USA) with a transverse mode of TEM 00 and a wavelength of 1550nm was utilized for the process. The experimental setup, developed at the University of Waterloo, is shown in Fig. 11 . Fig. 12 shows a fabricated layer with the process parameters of 1.8W laser power and 5mm/s scanning speed. 20vol% PVA was used. The section view of the fabricated layer is shown in Fig. 13 . To create this sample, the fabricated CPP layer was mounted in an epoxy holder. The thickness of the sample was measured to be approximately 400μm as shown in the figure, whereas the counterpart modeling result was obtained to be 300μm. The observed difference between the experimental and modeling results in terms of the layer thickness may be resulted from the transmission of the laser beam through the surface pores and also uncertain laser beam scattering due to non-uniform surface particle distribution (i.e., diffuse reflection explained by Drude reflectivity principle). This phenomenon was not considered in the finite element modeling of the process that may be the source of the discrepancies between the experimental and modeling results. The wettability of PVA, in contact with the CPP particles, is a critical factor which has a great influence on the part's green strength. The wettability of a liquid is defined as the contact angle between the droplets on a horizontal surface. A liquid is deemed to be wetting, when the angle varies between 90 and 180 degrees. To achieve an improved performance in the SLS process, the surface tension of the liquid phase must be lower than that of the solid phase. It might be possible by choosing a suitable binary material system. Noticing the aforementioned phenomena, as viewed in Fig. 14, PVA may not be a proper choice for liquid phase sintering of CPP, because it does not demonstrate any wellwetted connections. However, the sample in Fig. 15 expresses an inverse behaviour of PVA and CPP, even though it was fabricated with the same laser power and scanning speed (16W and 45mm/s). Ceramic particles are suitably wetted and covered with PVA, although only 20vol% PVA was used. The arrows evident the PVA bridges between CPP particles. The difference between the samples of Fig. 14 and Fig. 15 is the PVA's molecular weight (MW) and the degree of hydrolysation as listed in Table 2 . It is concluded that these two properties of PVA might influence the wettability with CPP and should be studied more in future work. 
PVA bridges

Conclusion
The thermal analysis of the selective laser sintering of CPP was conducted through a multi-physics finite element model. Temperature and porosity distributions of the sintered region were investigated versus process parameters. The modeling results suggest that the porosity of the sintered region is a logistic function of the laser scanning speed and a negative logistic function of the laser power. These results can be used in the modification of the process parameters in order to adjust the porosity of the fabricated green parts. In addition, the feasibility study on the SLS of CPP was experimentally performed. Thin single layers of sintered CPP were studied in terms of thickness and microstructure.
